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Abstract: We present a passively mode-locked, tunable soliton Ho:fiber 
ring oscillator, optimized for seeding of Ho:YLF amplifiers. The oscillator 
is independently tunable in central wavelength and spectral width from 2040 
nm to 2070 nm and from 5 nm to 10 nm, respectively. At all settings the 
pulse energy within the soliton is around 800 pJ. The soliton oscillator was 
optimized to fully meets the spectral requirements for seeding Ho:YLF 
amplifiers.  Its Kelly sidebands are located outside the amplifier gain 
spectrum, resulting in a train of about 1 ps long pedestal-free pulses with 
relative intensity noise (RIN) of only 0.13 % RMS when integrated from 
1 Hz to Nyquist frequency.  
 
OCIS codes: 140.3510 Lasers, fiber; 140.4050 Mode-locked lasers; 140.3070 Infrared and far-
infrared lasers.  
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1. Introduction  
Ultrafast lasers operating in the 2 µm wavelength region are of great interest for a wide range 
of scientific and technological applications including fiber-optic and free-space 
communication, remote sensing and LIDAR, and various medical applications [1]. They are 
also of critical importance for nonlinear frequency conversion schemes into the mid-infrared 
and THz spectral region as they enable efficient pumping of non-oxide crystals without 
suffering from two-photon absorption [2-4]. Ho-doped gain materials are particularly 
attractive for high energy laser systems as their strong absorption band around 1.9 µm 
facilitates in-band pumping with commercial Tm:fiber lasers at a minimal quantum defect. 
Multi mJ-level Ho:YAG and Ho:YLF amplifier systems generating ps and sub-ps pulses have 
recently been demonstrated [5-7], but rely on complex seed sources such as optical parametric 
amplifiers or Raman-shifted fiber lasers. Alternative seed sources are Tm:fiber and 
Tm/Ho:fiber lasers [8-15] or frequency shifted Er:fiber lasers [16-23]. Previously 
demonstrated fiber-based seed laser either didn’t cover the full gain spectrum of Ho-doped 
gain materials or lack flexibility and compactness. Ho:fiber lasers are the obvious choice for 
seeding Ho-doped gain materials. The transition between the 5I7 and 5I8 manifolds exhibits a 
large emission cross-section and a gain bandwidth suitable for the amplification of fs-pulses, 
which allows the direct generation of pulse-trains within the amplifer gain spectrum with 
variable parameters. However, most previously demonstrated Ho:fiber and solid state 
oscillators did not meet the spectral requirements for subsequent amplification [24-26].  
We recently demonstrated a passively mode-locked Ho:fiber oscillator operating in the 
stretched-pulse regime which overcomes this limitation [27]. With proper dispersion 
management, the oscillator generated 160 fs pulses with 37 nm full-width-half-maximum 
(FWHM) spectrum around 2.06 µm simultaneously covering the wavelength range of both 
amplification bands of Ho:YLF amplifiers. We successfully used this oscillator to seed a high 
power Ho:YLF regenerative amplifier with 107 gain [7]. The spectral bandwidth of this 
oscillator, however, exceeded the sub-10nm bandwidth of high-power Ho:YLF amplifiers by 
far, reducing the effectiveness of the seeding process. 
In this paper, we demonstrate soliton operation of Ho:fiber oscillators in two different 
cavity configurations which can be fine-tuned and optimized to the seed requirements of 
Ho:YLF amplifiers. We demonstrate independent tuning of spectral bandwidth and center 
wavelength and present a relative intensity noise (RIN) characterization of the mode-locked 
pulse train. 
2. Experimental setups 
The schematics of the unidirectional ring oscillators are shown in Fig. 1. In both cavity 
configurations, the gain medium was a 1 m long Ho-doped double-clad fiber with a 10 µm-
core, used in core-pumped configuration. The pump light from a commercial continuous wave 
Tm:fiber laser operating at 1950 nm was coupled into the cavity via a wavelength-division 
multiplexer. All cavity elements exhibit anomalous dispersion enabling soliton operation. In 
the first cavity configuration shown in Fig. 1(a), mode-locking was initiated and stabilized 
solely by nonlinear polarization evolution (NPE) whereas the rejection port of a polarizing 
beam splitter was used as the output port.  
 
 
Fig. 1 (a) Schematic of the NPE mode-locked oscillator; (b) Schematic of the hybrid mode-
locked oscillator. TDFL: Thulium-doped fiber laser; WDM: wavelength-division multiplexer; 
HDF: Holmium-doped fiber; λ/2: half-wave plate; λ/4: quarter-wave plate; PBS: polarizing 
beam splitter; SAM: saturable absorber mirror; SMF: single-mode fiber. 
To further increase the self-starting capabilities, a hybrid mode-locked configuration shown in 
Fig. 1 (b) was set up with an additional commercial saturable absorber mirror (SAM). The 
SAM was implemented in a sigma-branch based on a polarization beam splitter and a quarter 
wave-plate. The SAM exhibited a modulation depth of 12 %, non-saturable losses of 8 % and 
a relaxation time of approximately 10 ps. The beam was focused down to a spot-size of 60 µm 
at 1/e2 by a 50 mm focal length CaF2 lens. In the steady-state, the SAM was operated at only 
15 % of the saturation fluence of 65 µJ cm-2 given by the manufacturer. The small action of 
this additional saturable absorption in steady-state is typical for soliton operation of passively 
mode-locked laser oscillators. Here SAM mainly acts in the early stages of pulse formation 
where self q-switched operation typically occurs at repetition frequencies of about 100 kHz. 
We estimated the fluence on the SAM to > 1.3 mJ cm-2 corresponding to a factor of > 20 
above the saturation fluence. Tighter focusing was not possible due to damage of the SAM. 
By implementing this additional SAM we were able to reduce the mode-locking threshold by 
approximately 20 % compared to the oscillator mode-locked solely by NPE. This also resulted 
in a reduced sensitivity to alignment of the polarization optics used for NPE [28]. The main 
output characteristics such as pulse energy, pulse duration, spectral width and RIN 
performance were almost unaffected. 
3. Output characteristics 
Self-starting mode-locked operation was obtained in the cavity configurations solely mode-
locked by NPE as well as with the additional SAM. The overall pulse energy was typically 
> 1 nJ with a maximum of 1.4 nJ. Owing to the large nonlinearity inside the cavity about 30 % 
of the pulse energy was coupled into the Kelly sidebands resulting in a typical pulse energy of 
800 pJ for the central pulse. The optical-to-optical efficiencies were in the range of 7 – 15 %. 
 
 
Fig. 2 (a) Spectral bandwidth at FWHM and pulse energy of the soliton pulse vs. cavity 
dispersion[AR1]. (b) tuning of the central wavelength -0.25 ps2 cavity dispersion. 
It is well known that the spectral bandwidth of a soliton laser can be tuned by changing the 
cavity dispersion according to E 
||
||	
, where Ep is the pulse energy, β2 the group velocity 
dispersion, γ the nonlinear coefficient and τ the pulse duration. At lower cavity dispersions, 
shorter soliton pulses with broader bandwidth can be achieved. This behavior is illustrated in 
Fig. 2(a) for the first cavity configuration but also observable for the hybrid mode-locked 
laser. It can be seen that the reduction of the cavity dispersion from - 0.69 ps2 to -0.16 ps2 (by 
reducing SMF fiber length) results in an increase of the spectral bandwidth from 5 nm to 10 
nm at FWHM. The cavity dispersion was calculated from the Kelly sideband spacing. As the 
cavity dispersion was changed via the length of the SMF section, the repetition rate 
consequently increased from 30 MHz to 122 MHz. The pulse energy in the soliton (with the 
energy in the Kelly sidebands subtracted) remained almost constant at around 800 pJ as can be 
seen from Fig. 2(a). 
The broad gain bandwidth of Ho:fibers spanning 140 nm at FWHM [29] allows for 
tunable operation and hence gives the possibility to adapt the central wavelength to 
subsequent amplifiers. To demonstrate the tuning capability, the laser was operated at a net 
cavity dispersion of -0.25 ps2 corresponding to a repetition frequency of 65 MHz. The central 
wavelength of the mode-locked pulse train could be tuned by adjusting the wave plates, and 
the free space to fiber coupling inside the cavity, utilizing the chromatic aberration of the 
coupling lenses. The drift in center wavelength during 3 days of operation was below our 
measurement limit of 0.7 nm. We achieved a tuning range from 2040 nm to 2070 nm as 
shown in Fig. 2(b)). A similar tuning behavior was observed over the full range of net cavity 
dispersions and repetition rates, respectively. Although the gain bandwidth of Ho:fibers would 
support an even larger  tuning range, we were limited by the transmission bandwidths of the 
optical components used.  
The tuning results highlight that this soliton oscillator can satisfy the seeding requirement 
of subsequent Ho:YLF amplifiers in terms of both central wavelength and spectral bandwidth. 
In order to optimize the oscillator for Ho:YLF regenerative amplifiers, we operated it at 
65 MHz repetition rate and -0.25 ps2 net cavity dispersion, respectively. The FWHM of the 
output spectrum was around 8 nm and the central spectral wavelength was carefully tuned to 
match the Ho:YLF gain spectrum. Fig. 3(a) shows the spectral overlap between the output of 
the oscillator and the single pass gain of Ho:YLF. The improvement in spectral energy density 
in the gain window of Ho:YLF amplifiers is more than one order of magnitude compared to 
our stretched-pulse approach reported in [27]. 
 
 
Fig. 3 (a) Spectral overlap between the output of the soliton oscillator with (red solid line) and 
without (blue dashed line) bandpass filter together with the single pass gain of Ho:YLF (black 
solid line). (b) Intensity autocorrelation trace of the soliton oscillator with (red solid line) and 
without (blue dashed line) the bandpass filter. 
A potential drawback of soliton operation is the formation of strong Kelly sidebands and the 
resulting disturbances of the pulses. As shown in Fig. 3(a), in the chosen configuration, the 
Kelly sidebands are located outside the main gain window so they don’t contribute to the 
pulse quality when seeding Ho:YLF amplifiers. To demonstrate the corresponding 
improvement in pulse quality, we suppressed the Kelly sidebands by filtering the main peak of 
the spectrum with a 10 nm bandpass filter and measured the second order autocorrelation 
shown in Fig. 3(b). As can be seen, filtering leads to a clean pulse shape with a FWHM of 
920 fs. The Kelly sidebands mainly contribute to the strong pedestal spanning almost 40 ps. 
The corresponding time-bandwidth product of 0.47 is typical for soliton fiber lasers [30] and 
suggests that the observed solitons are slightly chirped. When assuming the Fourier-limited 
pulse duration of 560 fs and a pulse energy of 860 pJ (see Fig. 2 (a)), the central part of the 
generated pulses exhibit a soliton order of N = 1.5 close to N = 1 as expected from theory 
[31,32]. 
 
4. Relative intensity noise measurements 
As amplitude noise is a crucial parameter for subsequent amplification, the relative intensity 
noise (RIN) of the mode-locked pulse train has been characterized. For the measurements, the 
laser output was sampled and the light was analyzed with a photodiode followed by a trans-
impedance amplifier. In the spectral range from 1 Hz to 1 MHz, the intensity power spectral 
density was recorded using a vector signal analyzer with a 1.9 MHz low pass filter to prevent 
the vector analyzer being saturated by the high frequency portion. For the measurements from 
1 MHz to 30 MHz we removed the low-pass filter and used an RF spectrum analyzer due to 
its larger dynamic range. Above a sidebands frequency of 1 MHz, the measurements were 
limited by the instrument noise floor.  
 
Fig. 4 RIN measurement of the Ho:fiber oscillator output after filter (black solid line) and the 
pump laser (red solid line) together with the instrument noise floor (blue dotted line). 
Both the RIN of the pump laser and soliton oscillator output after filter were characterized. 
The corresponding RIN power spectral densities are shown in Fig 4. The low frequency noise 
contributions of all lasers mainly arise from temperature variation whereas the noise spikes 
from 10 Hz to 10 KHz have their origin in acoustics and vibrations. Additionally, the pump 
laser exhibits several sharp equidistant high-frequency contributions, which we attributed to 
transversal as well as longitudinal mode-beating. 
The RIN integrated from 1 Hz to the Nyquist frequency of 32.5 MHz also shown in Fig. 4 
was 1.43 % RMS and 0.13 % RMS for the pump laser and soliton oscillator. However, RIN is 
still dominated by the pump especially in low frequency region. Further reduction of the 
oscillator noise performance can therefore be expected by adopting a low-noise pump laser. 
5. Conclusion 
In conclusion, we demonstrated tunable soliton operation of a ps-Ho:fiber oscillator with 
independent tuning capability of spectral bandwidth from 5 nm to 10 nm and center 
wavelength from 2040 nm to 2070 nm while maintaining a pulse energy around 800 pJ. The 
oscillator was finely tuned and optimized to match the seeding requirement of Ho:YLF 
amplifiers. In particular we improved the power spectral density within the Ho:YLF gain 
bandwidth by more than one order of magnitude compared to a femtosecond oscillator [27]. 
These results, together with our previously demonstrated stretched-pulse operation [27], show 
that simple and compact passively mode-locked Ho:fiber lasers can be tailored in pulse 
durations from 0.2 to 1 ps, in central wavelengths from 2 µm to 2.1 µm and in spectral 
bandwidths from 5 nm to 100 nm. Ho:fiber oscillators are therefore a flexible platform which 
can be tailored for many future applications. 
